Recent findings of sequence convergence in the Prestin gene among some bats and cetaceans suggest that parallel adaptations for high-frequency hearing have taken place during the evolution of echolocation. To determine if this gene is an exception, or instead similar processes have occurred in other hearing genes, we have examined Tmc1 and Pjvk, both of which are associated with non-syndromic hearing loss in mammals. These genes were amplified and sequenced from a number of mammalian species, including echolocating and non-echolocating bats and whales, and were analysed together with published sequences. Sections of both genes showed phylogenetic signals that conflicted with accepted species relationships, with coding regions uniting laryngeal echolocating bats in a monophyletic clade. Bayesian estimates of posterior probabilities of convergent and divergent substitutions provided more direct evidence of sequence convergence between the two groups of laryngeal echolocating bats as well as between echolocating bats and dolphins. We found strong evidence of positive selection acting on some echolocating bat species and echolocating cetaceans, contrasting with purifying selection on non-echolocating bats. Signatures of sequence convergence and molecular adaptation in two additional hearing genes suggest that the acquisition of high-frequency hearing has involved multiple loci.
INTRODUCTION
Examples of adaptive phenotypic convergence are widespread in nature and are usually considered to arise from similar selection pressures acting on unrelated taxa (see, for example, Packard, 1972; Nevo, 1979) . In comparison, there are few documented cases of convergence acting at the sequence level, although this appears to be steadily changing with the proliferation of genetic and genomic data (as reviewed in Christin et al., 2010) . Some of the earliest and best examples of convergent sequence evolution include the stomach lysozymes of langurs and cows (Stewart et al., 1987) , and the peptide-binding regions of major histocompatibility complex class Ib genes in primates and rodents (Yeager et al., 1997) . More recently, the mitochondrial genomes of snakes and agamid lizards have also been found to contain numerous convergent sites distributed across all protein-coding genes, leading to a conflict with the true species phylogenetic signal obtained from nuclear genes (Castoe et al., 2009) .
The 'hearing gene' Prestin was recently shown to have undergone unprecedented levels of sequence convergence between lineages of echolocating mammals (Li et al., 2008 (Li et al., , 2010 Liu et al., 2010a) . Prestin encodes a motor protein of the outer hair cell and is thought to drive the cochlear amplifier that gives mammalian hearing its characteristically high sensitivity and selectivity (Zheng et al., 2000) . Phylogenies based on Prestin lead to erroneous groupings of unrelated echolocating bats (Li et al., 2008) and also horseshoe bats and echolocating cetaceans (Li et al., 2010; Liu et al., 2010a b) . These results as well as observed associations between numbers of replacements and auditory sensitivity (Liu et al., 2010b; Rossiter et al., 2011) all suggest a strong link between Prestin and high-frequency hearing. Indeed, detected positive selection in Prestin in bats (Li et al., 2008) and toothed whales (Liu et al., 2010b) reinforces the adaptive significance of these changes.
The molecular basis of mammalian hearing involves over 50 candidate genes identified via studies of mutagenesis and non-syndromic hearing loss (Accetturo et al., 2010; Dror and Avraham, 2010) . The mammalian hearing apparatus has evolved into a wide range of auditory systems, the most specialised of which arguably occur in echolocating bats and cetaceans (Vater and Kossl, 2004) . In the bats (order Chiroptera), laryngeal echolocation is shared by all members of the suborder Yangochiroptera, but only some members of the other suborder, the Yinpterochiroptera. In this latter group, the Old World fruit bats (family Pteropodidae) do not possess laryngeal echolocation, indicating that echolocation (and associated ultrasonic hearing) has either evolved separately in the Yangochiroptera and Yinpterochiroptera, or has been lost in the Old World fruit bats (see, for example, Teeling et al., 2002; Miller-Butterworth et al., 2007) . Notwithstanding this debate, bats undoubtedly do show convergence in particular forms of echolocation, such as constant-frequency (CF) echolocation seen in horseshoe bats and the neotropical species Pteronotus parnellii (see, for example, Jones and Teeling, 2006) .
Results from Prestin all suggest that echolocating mammals might be an especially useful group in which to test for evidence of genetic convergence. Extending this work, here we investigate whether adaptive convergence in Prestin in mammals with high-frequency hearing is exceptional, or whether similar patterns are detectable in other candidate hearing genes. We focus on two genes that have specific roles in hair cell function: Tmc1 (transmembrane cochlear-expressed gene 1) and Pjvk (Pejvakin). Tmc1 encodes a transmembrane protein of the inner and outer hair cells that might either traffic molecules to the plasma membrane or act as an intracellular regulatory signal during hair cell maturation (Marcotti et al., 2006) . In mice, Tmc1 is expressed from early development and is needed for normal hair cell function (Marcotti et al., 2006) , whereas the human gene (TMC1) is associated with non-syndromic hearing loss with over 20 documented pathogenic mutations (Kurima et al., 2002; Kitajiri et al., 2007) . Pjvk (also known as Dfnb59) encodes a protein called pejvakin. Missense and stop mutations in the human form have both been linked to deafness-in the former case caused by auditory neuropathy (Delmaghani et al., 2006)-whereas in mice, premature stop codons disrupt hair cell activity and also cause vestibular defects (Schwander et al., 2007) .
Using a comparative analysis, we tested whether each gene (Tmc1 and Pjvk) shows evidence of convergence and/or molecular adaptation associated with the independent evolution of high-frequency hearing. First, we used a phylogenetic approach to test whether, if present, sequence convergence would cause unrelated echolocating taxa (that is, divergent lineages of bats, and bats and cetaceans) to group together, as previously reported for Prestin. We expected that, if adaptive, any gene-species tree conflicts would be more evident in coding DNA. Second, we predicted that within the species tree, greater support for convergent changes between branches would correspond to the inferred origins of echolocation and high-frequency hearing. Stronger evidence of convergence between the ancestral branches of the two main groups of laryngeal echolocators would support an independent origin of echolocation (and high-frequency hearing) in bats. Third, we predicted that both candidate hearing genes would show evidence of positive selection in key branches and clades of echolocating taxa, and that the distribution of selection would correspond to convergence.
MATERIALS AND METHODS

Taxonomic coverage
We obtained Tmc1 and Pjvk coding region sequences for all available mammals from Ensembl (http://www.ensembl.org). In addition, we used BlastN (Altschul et al., 1997) to obtain the bat sequences, either from GenBank for the species Myotis lucifugus and Pteropus vampyrus, or from assembled short read Solexa (Illumina, Inc., San Diego, CA, USA) data for Eidolon helvum, P. parnellii and Rhinolophus ferrumequinum. For gene searches, the alpaca Vicugna pacos was used as a reference, and expected value thresholds of 10 À6 were used for sequences of B100 base pairs (bp) or more. The final Tmc1 data set contained 23 species and covered 2139 bp, corresponding to 713 out of the total 760 amino acids (that is, from amino acids 25-736 using human TMC1 as a reference). For Pjvk, sequences from 21 species were collated, which covered the entire 1059 bp or 352 amino acids. Thus, in total we obtained 93.8% and 100% of coding sequence of Tmc1 and Pjvk, respectively, although both are henceforth referred to as 'complete' to distinguish them from the partial sequences (see below). Both of these data sets included three echolocating bats (two Yangochiroptera and one Yinpterochiroptera), two Old World fruit bats (Yinpterochiroptera), one echolocating cetacean and a range of other mammals with varying auditory thresholds (see Supplementary Table S1a for species list).
To improve taxonomic coverage, we also generated partial Tmc1 and Pjvk gene sequences that contained coding (exonic) and non-coding (intronic) DNA. Sequence data from a total of 64 mammals included 39 laryngeal echolocating bats (from 12 families), 10 Old World fruit bats (1 family), 3 echolocating toothed whales, 1 non-echolocating baleen whale and 11 other mammals from 6 other orders. We also obtained partial gene sequences of 29 species (13 orders) from Ensembl. Our total coverage comprised 93 mammal species from 14 mammalian orders (see Supplementary Table S1b ). This second data set of partial sequences included bat species that exhibit a wide range of echolocation call types and auditory characteristics (Jones and Teeling, 2006) . From the Yinpterochiroptera, all six families were represented; the Old World fruit bats (Pteropodidae) do not possess laryngeal echolocation, the horseshoe (Rhinolophidae) and roundleaf bats (Hipposideridae) have narrowband pure CF echolocation and the other families (Megadermatidae, Rhinopomatidae and Craseonycteridae) possess more broadband echolocation calls with a range of bandwidths. From the Yangochiroptera, seven families were included, all characterised by broadband frequency-modulated echolocation calls, with the exception of P. parnellii that has independently evolved narrowband CF echolocation (see Supplementary Figure S1 and Supplementary Table S2 ).
DNA isolation, primer design, amplification and sequencing
For new sequences generated in this study, DNA was extracted using DNeasy kits (Qiagen, Crawley, UK). To amplify regions of interest across the study species, degenerate primers were designed using 'Uniprime' (Bekaert and Teeling, 2008 ) (see Supplementary Materials and Methods for details). For Tmc1, the primers amplified a region (corresponding to human exons 16 to 17) that has been implicated in deafness in mice (Kurima et al., 2002) . For Pjvk, the primers amplified a region (corresponding to human exons 5 to 6) that contains the functionally important putative nuclear localisation signal and zinc-binding motif (Delmaghani et al., 2006) . This region also contains a premature stop codon in mutant mice (Schwander et al., 2007) .
Data analysis
For each gene, separate alignments of complete and partial sequences were conducted using ClustalW2 (Larkin et al., 2007) and checked by eye. For the partial sequences that contained non-coding DNA, the Homo sapiens (EMBL-EBI) gene was used to identify the exon-intron boundaries and identify open reading frames for generating alignments of in-frame exons only. Before analyses, we removed a three-codon insertion that was present in two species of Hipposideros (X497E, X498M and X499A) and five representatives of the family Phyllostomidae (X497Q, X498L and X499S). The same positional insertion (S, G and L) is also seen in the mouse (Mus musculus). To test for adaptive sequence convergence associated with the acquisition of high-frequency hearing, we undertook analyses that comprised three steps, described below (for full details, see Supplementary Materials and Methods). For both genes, each analysis was repeated separately for the alignments of complete and partial sequences.
Tests of phylogenetic signal and hypotheses. We first tested whether phylogenies based on the complete coding sequence of each of the two genes were concordant with the species relationships or the published Prestin trees in which echolocators erroneously group together. Maximum likelihood and Bayesian trees were reconstructed with RAxML-7.0.3 (Stamatakis, 2006) and MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) , respectively. In both trees, laryngeal echolocating bats formed a monophyletic group (see Results). Therefore, to compare statistical support for these observed trees versus the constrained species tree, we used the approximately unbiased test (AUT) (Shimodaira, 2002) . To address our prediction that such phylogenetic conflicts would arise because of adaptive changes, we repeated these analyses using the second data set, for both the exon-only data and the intron plus exon data. To compare how support for the convergent versus species tree topologies was distributed between exonic and intronic sequence, we also used Lento plots visualised in SPECTRONET (Huber et al., 2002) . Here, reduced sequence alignments were converted into a series of taxonomic splits, and support and conflict values for each of these splits were calculated.
Probabilistic analyses of sequence convergence. For each gene, we characterised the distribution of sequence convergence between pairs of branches in the species phylogeny following the approach described by Castoe et al. (2009) implemented in the package Codeml ancestral. We predicted greatest levels would occur between taxa known to have independently evolved echolocation or particular types of echolocation (see specific hypotheses in Introduction); in the case of Yangochiroptera versus Yinpterochiroptera, evidence of convergence would add weight to the hypothesis that laryngeal echolocation in bats has evolved multiple times. In this method, posterior probabilities of all possible amino-acid substitutions were calculated along each branch under a JTT+F+G model of amino-acid substitution. We used tree topologies based on published data (Csorba et al., 2003; Nishihara et al., 2006; Miller-Butterworth et al., 2007; Murphy et al., 2007; McGowen et al., 2009; Khan et al., 2010) and we estimated branch lengths using MrBayes v3.1.2. For all pair-wise branch comparisons where both branches followed divergent paths, the sum of the joint probabilities of all possible pairs of convergent substitutions (same amino acid) and divergent substitutions were calculated. Levels of convergence for pairs of branches of interest were examined.
To test whether convergence between pairs of focal branches was significant, we compared observed probabilities against null distributions based on simulations. We first generated simulated sequences in EVOLVER (Yang, 2007) using the species tree topology under a substitution model based on the empirical codon frequencies. Sequences of 5000 and 10 000 codons (for partial and complete data sets, respectively) were analysed in Codeml ancestral to obtain pools of site-wise posterior probabilities of convergence. A total of 1000 replicates of branch-wise convergence probabilities were calculated, with each value obtained by summing a random sample of site-wise probabilities in which sample size equalled the observed number of values in the equivalent branches. These tests were run in the R package (R Development Core Team, 2011).
Finally, we also examined whether the location of high probabilities of convergence along the protein was associated with particular functional domains. The positions of protein domains were taken from literature sources (Kurima et al., 2002; Delmaghani et al., 2006; Schwander et al., 2007) and confirmed using SMART (Schultz et al., 1998) .
Tests for selection. To determine whether observed convergent substitutions were associated with molecular adaptation or neutral evolution, we used branch-site and clade models of selection, implemented in Codeml in the package PAML 4.4 (Yang, 2007) . We derived maximum likelihood estimates of non-synonymous (d N ) and synonymous (d S ) substitution rates. A d N /d S ratio (termed omega, o) of 41 signifies positive selection, a ratio of B1 signifies neutrality and a ratio of o1 signifies purifying selection.
Branch-site models
Branch-site models (Zhang et al., 2005) are suitable for detecting specific episodes of positive selection that may have acted over a small number of branches. Using the complete sequences, we estimated the selection pressures acting at sites along the ancestral bat branches, as well as the branches leading to echolocating taxa. Estimates of site-wise o values in these so-called foreground branches were then compared with estimates across the remaining background branches in the species phylogeny. The o values were assigned to four predefined site classes under model A. The first site class was estimated from the data but constrained (0oo 0 o1), the second class o 1 ¼1, the third class o 2a could exceed 1 on the foreground but is constrained to be under purifying selection on the background, and the final class o 2b could exceed 1 on the foreground but not on the background. This model was compared with the null model A where o 2a ¼1 , with a likelihood ratio test (LRT) with one degree of freedom (d.f.) . If the alternative model was a better fit (that is, positive selection was detected along a focal branch), Bayes empirical Bayes was used to quantify the probability that particular site was under positive selection.
Clade models
To test for divergent selection acting on echolocating versus non-echolocating taxa, we compared o averaged across branches within focal clades (foreground) with o estimated for the rest of the tree (background) (Bielawski and Yang, 2004) . These analyses were conducted on the partial sequences that included more echolocating species. For foreground and background, three site classes were modelled (model C), o was constrained in two of these (0oo 0 o1 and o 1 ¼1) and in the third class, o 2 and o 3 were modelled for foreground and background, respectively. Site-wise mean o were estimated by multiplying resulting o within each class by its corresponding posterior probability. For each clade, model C was compared with model M1a (nearly neutral) using a LRT.
To visualise selection pressures acting along sites in those species found to be associated with high probabilities of convergence, we repeated our clade models for several families of echolocating bats. In these models, we removed all other echolocating bats and cetaceans from the background, to avoid underestimating divergent selection.
RESULTS
We combined bioinformatics approaches and molecular methods to obtain both complete and partial sequences of two candidate hearing genes: Tmc1 and Pjvk. The complete sequences provided more power for studying site-wise patterns of molecular adaptation in a few key species, whereas our partial sequence data sets included many more taxa, and thus provided better power for examining molecular evolution within echolocating mammals.
Tests of phylogenetic signal and hypotheses
Bayesian and maximum likelihood trees based on complete Tmc1 and Pjvk coding regions recovered consistent topologies that showed some strong similarities to previous results reported for Prestin; that is, all laryngeal echolocating bats erroneously formed a monophyletic clade with the exclusion of Old World fruit bats. However, both gene trees recovered all bats as monophyletic, hence supporting the accepted deeper level phylogeny. At the same time, the bottlenose dolphin Tursiops truncatus was not seen to group with the bats. Support for the node of laryngeal echolocating bats was relatively high for both Tmc1 (Bayesian posterior probability (BPP)¼0.83, bootstrap (BS)¼63%) and Pjvk (BPP 0.91, BS 51%; see Figure 1 ). AUTs indicated that for both genes, neither 'convergent tree' topology (Tmc1: P¼0.291; Pjvk: P¼0.136, AUT) was significantly less supported than either the unconstrained tree (Tmc1: P¼0.804; Pjvk: P¼0.295, AUT), or the constrained 'species tree' (Tmc1: P¼0.102; Pjvk: P¼0.830, AUT).
When we repeated the maximum likelihood and Bayesian Tmc1 and Pjvk reconstructions using partial sequences from a greater range of taxa, we again recovered the monophyly of laryngeal echolocating bats based on coding regions (that is, exons only). In both cases, node support for this monophyletic group was low (Tmc1: BPP 0.73, BS 36%; Pjvk: BPP 0.71, BS 25%) and none of the alternative tree topologies could be rejected (for AUT results, see Supplementary Results). However, trees based on exon+intron alignments did not recover this clade. Instead, the Tmc1 tree contained the correct subordinal groupings of Yangochiroptera and Yinpterochiroptera, whereas in the Pjvk tree, the Old World fruit bats clustered with the Yangochiroptera to the exclusion of the laryngeal echolocating Yinpterochiroptera. As with the data set of complete sequences, the cetaceans did not cluster with the bats (for full tree results from partial sequences, see Supplementary Results and Supplementary Figure S2) .
Lento plots undertaken to visualise the numbers of splits that grouped echolocating species of Yinpterochiroptera with Yangochiroptera revealed that intron data contained fewer bifurcating splits than exon data (see Supplementary Figure S3 ). The smaller number of supported splits in the introns points to a clearer phylogenetic signal, compared with a more conflicting signal found in the exons.
Probabilistic analyses of sequence convergence
Using the complete sequences we tested for convergence associated with the acquisition of echolocation and high-frequency hearing in the two suborders of echolocating bats, and between bats and the dolphin.
Plots of branch-wise probabilities of convergence versus divergence for all placental mammals in our tree showed that comparisons between echolocating taxa had among the highest values across all species for both genes (Figure 2 ). Parallel evolution of hearing genes among echolocating mammals KTJ Davies et al For Tmc1 the highest convergence probability occurred between Rhinolophus ferrumequinum and P. parnellii, both of which have independently evolved CF echolocation. R. ferrumequinum also showed high convergence probabilities with M. lucifugus and with the ancestral branch of the Yangochiroptera. The second and third highest values overall were seen between T. truncatus and, respectively, R. ferrumequinum and the ancestral branch of the Yangochiroptera. In contrast, we found no evidence for high levels of convergence between T. truncatus and either the ancestral Yinpterochiroptera branch or the ancestral bat branch (see Figure 2a) . All of these high convergence probabilities between branches were significant based on simulations, with the exception of the comparison between P. parnellii and T. truncatus (see Table 1a ).
To examine the Tmc1 sites driving the observed branch-wise convergence between echolocating taxa, we plotted site-wise convergence probabilities and related these to functional domains along the protein (Figure 3) . We found that R. ferrumequinum showed multiple convergent sites with P. parnellii (4 sites), M. lucifugus (2) and the ancestral Yangochiroptera (2). In total, therefore, eight convergent sites occurred between three branch-wise comparisons involving Yangochiroptera and echolocating Yinpterochiroptera; in contrast, three sites were found among nine branch-wise comparisons involving the Yangochiroptera and the Old World fruit bats (Figure 2a) . Between bats and the dolphin, three convergent sites were detected between T. truncatus and R. ferrumequinum, one of which was also shared by P. parnellii (see above). Three further convergent sites were detected between T. truncatus and the ancestral Yangochiroptera branch and one between T. truncatus and the common ancestral bat branch (see Table 1a and Figure 3a) . Taking both bat-bat and batdolphin convergence into account, the majority of sites supporting convergence were located outside of transmembrane domains (with one site located in the highly conserved TMC domain) and are, therefore, either intra-or extra-cellular residues (Figure 3) . We found that all Tmc1 sites with high probabilities of convergence had arisen from the same ancestral state, and can thus be classified as parallel changes. Abbreviations: BPP, Bayesian posterior probability; NA, not applicable; PP, posterior probability. Significance levels of branch-wise convergence are based on 1000 simulated data sets. Amino-acid numbers refer to the human peptide.
Focussing on bats with a range of echolocation call types, we repeated the calculations of the posterior probabilities of convergence for all ancestral branch pairs in our wider taxonomic data set of partial sequences. For comparisons among bats, evidence of high branch-wise convergence was restricted to echolocating members of the two suborders, whereas only weak evidence of convergence was found among lineages within either the Yangochiroptera or Yinpterochiroptera (see Supplementary Figure S4 ). These cases were found to be driven by three amino acids with high site-wise convergence posterior probabilities (40.5; see Table 2a ).
For Pjvk, plots of branch-wise probabilities of convergence for all placental mammals, based on the complete gene sequence, revealed fewer cases of convergence among echolocating taxa (Figure 2b) . Similarly, divergence probabilities were also lower than for Tmc1, probably reflecting the overall greater sequence conservation. Among echolocating bats, three significant cases of convergence were found, between R. ferrumequinum and the ancestral Yangochiroptera, R. ferrumequinum and M. lucifugus and R. ferrumequinum and P. parnellii. The two former cases were characterised by two convergent sites and one convergent site, respectively (Table 1b) . In comparison, Again, only sites with posterior probability (PP) 40.5 are shown, and branch-wise significance levels are also shown. Estimated (Est.) o values are calculated using clade models and the posterior probability of the site being in the third site class is shown in brackets.
greater convergence was detected between the echolocating bats and the dolphin, of which the highest pair-wise convergence values were recorded between T. truncatus and both R. ferrumequinum and M. lucifugus associated with two sites in each case ( Figure 2b and Table 1b ). Weaker evidence of branch-wise convergence was seen between T. truncatus and the ancestral branches of the main suborders and all bats. In total, three sites were identified with a high probability of convergence between the two echolocating bat suborders, whereas, only one was identified between Yangochiroptera and the Old World fruit bats (Table 1b) . The majority of the Pjvk protein is made up of the highly conserved Gasdermin domain (see Figure 3b) , which was seen to contain a total of five sites driving bat-dolphin and bat-bat convergence. Once again, all convergent sites were parallel changes. Posterior probabilities of convergence calculated among branches in the wider taxonomic data set revealed a similar small number of high values between echolocating bat branches as between echolocating bats and other taxa (see Supplementary Figure S4 ). The former case was associated with four amino acids with high site-wise convergence posterior probabilities (40.5; see Table 2b ).
Tests for selection
For Tmc1, branch-site selection models based on the complete sequences detected positive selection in both clades of echolocating bats (Supplementary Table S3a and b) . First, in the Yangochiroptera, positive selection was found on the ancestral branch (o¼9.36, LRT¼4.83, d.f.¼1, P¼0.028) with a total of 16 sites identified from Bayes empirical Bayes analyses. Positive selection was also detected on the M. lucifugus branch (o¼33.36, LRT¼5.53, d.f.¼1, P¼0.019) with eight sites identified, but not on the P. parnellii branch. Second, in the Yinpterochiroptera, positive selection was detected on the branch leading to the echolocating species R. ferrumequinum (o¼3.88, LRT¼5.20, d.f.¼1, P¼0.023), with a total of 25 sites identified. Positive selection was not detected on the branches leading to either all Yinpterochiroptera or the dolphin.
Clade models for Tmc1 using the partial sequences from the wider taxonomic sample were conducted to test hypotheses of divergent selection between echolocating and non-echolocating taxa. Significant divergent selection pressures were detected in all focal groups examined, as indicated by better fit than their corresponding M1a models (Supplementary Table S4a ). Estimates of o were 41 (positive selection) for B16% of sites when the foreground clade was defined as either all echolocating species of Yinpterochiroptera (o¼1.37) or all Rhinolophidae and Hipposideridae (o¼2.48). In comparison, the foreground o was B0 (purifying selection) in non-echolocating fruit bats and 0.86 (purifying selection) in the Yangochiroptera. In echolocating cetaceans, our clade model also showed evidence of positive selection (o¼1.13) at 16% of sites.
For the complete coding sequence of Pjvk, branch-site models revealed no evidence of positive selection on any of the bat or dolphin branches tested (Supplementary Table S3c and d). Clade models based on the partial sequences once again revealed divergent selection pressures in all groups of echolocating taxa examined (Supplementary  Table S4b ). However, for the bats, o values estimated for these divergent sites typically ranged from zero (purifying) to one (neutral), although we cannot rule out the possibility of a burst of positive selection in the past. For the echolocating whales, the clade model revealed strong positive selection (o¼7.40), detected at 16% of sites.
Association between convergence and positive selection
Comparing the results of convergence and selection tests revealed some clear patterns. Based on the complete Tmc1 sequences, eight of the sites identified as undergoing convergent substitutions between echolocating taxa were also found to be under positive selection in at least one of the taxa concerned (Figure 4a) . Similarly, from the Tmc1 partial sequences, sites identified with high posterior probabilities of convergent substitutions corresponded to positive selection pressures in at least one of the clades involved (Supplementary Table S4a and Supplementary Figure S6a) . Finally, separate Tmc1 clade models conducted for key groups of bats, in which echolocating taxa were excluded from the background, revealed evidence of positive selection in four main groups (Supplementary Figure S5) . In each of these models, sites with the o values of 41 were seen to correspond broadly to high posterior probabilities of convergence.
For Pjvk, branch-site models of complete sequences showed no evidence of significant positive selection, and hence it is not possible to compare selection pressures with convergence in these taxa (Figure 4b) . From the clade models of partial sequences, two sites in the Hipposideridae were estimated to have o values marginally above one (Supplementary Table S4b and Supplementary Figure S6b) ; however, no sites were found to be under positive selection in any Yangochiroptera species.
DISCUSSION
Results from two independent hearing genes, Tmc1 and Pjvk, revealed strong evidence of positive selection in echolocating whales, and also in some echolocating bats; however, we found no evidence of positive selection acting on the ancestral bat branch in either gene.
In Tmc1, positive selection was detected along the branch leading to the Yangochiroptera, and also to the echolocating Yinpterochiroptera. These trends were further supported by clade models performed on a greater number of taxa. We also detected evidence that convergent substitutions between echolocating taxa in the Tmc1 gene corresponded to sites under selection. Thus, these results support our expectation that molecular adaptation in the hair cell protein Tmc1 is associated with the evolution of high-frequency hearing. The functional significance of the convergent substitutions in Tmc1 is currently unknown; however, most occurred in either intra-or extra-cellular residues (Keresztes et al., 2003) , and thus these substitutions may well have an adaptive role. No obvious sequence convergence was found between dolphin and non-echolocating fruit bats. Taken together, these results from Tmc1 suggest that functional adaptations for highfrequency hearing arose after the split between the Yangochiroptera and Yinpterochiroptera, hence supporting multiple independent origins of laryngeal echolocation.
In Pjvk, we found no evidence of positive selection in either bat branches or clades; however, strong positive selection was detected in the clade comprising four echolocating cetaceans. Compared with Tmc1, levels of convergence among echolocating bats, and between bats and cetaceans, were lower. Although the exact function of Pjvk remains unknown, it has been predicted to contain a zinc-binding motif and also the highly conserved Gasdermin domain and, therefore, of the two proteins studied here, Pjvk is likely to be under higher structural constraint.
In addition to the convergence observed between the two suborders of bats, both genes also showed evidence of convergent amino-acid substitutions between specific clades of echolocating bats. In particular, comparisons of the family Hipposideridae versus the subfamily Kerivoulinae, and also between the families Rhinolophidae versus Phyllostomidae, showed increased levels of sequence convergence. These results are especially intriguing given that species of Hipposideros and Kerivoula possess the highest echolocation call frequencies recorded to date (Fenton and Bell, 1981; Schmieder et al., 2010) . Additionally, along Tmc1 some of the best evidence of sequence convergence was seen between R. ferrumequinum and P. parnellii, two bats that are known to have independently evolved CF echolocation.
In both genes, the small number of detected convergent changes were sufficiently abundant to cause conflicts between gene trees (in which all echolocating bats cluster together) and the known species tree, in which they are paraphyletic. However, this convergence did not lead to any grouping of bats with toothed whales. Phylogenetic incongruence between data sets is not uncommon, particularly where sequence length is limited, as is the case for the wider taxonomic study. However, the specific nature of observed conflict was also evident from the longer sequences, and also from the Lento plots, both suggesting that these results were not simply because of a lack of power. These results endorse the utility of intronic DNA as putative neutral markers for recovering species relationships (see, for example, Corte-Real et al., 1994) , but at the same time add weight to previous warnings about the potential pitfalls of using loci under selection for phylogenetic reconstruction (Li et al., 2008; Castoe et al., 2009) .
These results show remarkable similarities with published findings from the Prestin gene. All three genes encode proteins that are expressed in the cochlea and implicated in mammalian hearing, and all have mutant forms that have been linked to non-syndromic hearing loss in humans and/or mice. The proteins Tmc1 and Pjvk have vital roles in hair cell development and function, respectively, whereas Prestin is thought to specifically drive the motility of the outer hair cells on the basilar membrane (Zheng et al., 2000; Marcotti et al., 2006; Schwander et al., 2007) .
Echolocating mammals as potential molecular models of hearing Given their ability to echolocate, it is perhaps not surprising that bats have long served as important models for understanding the neurophysiology of auditory processing (see, for example, Kossl et al., 2003) . The data of sequence convergence between taxa with ultrasonic hearing in three separate hair cell genes suggest that echolocating mammals might be equally useful for unravelling the molecular basis of hearing.
Previous studies that amplified Tmc1 and its paralogs have found high sequence conservation across mammals, probably reflecting the TMC domain (Kurima et al., 2002) . It is thus noteworthy that most of the observed variable sites among the bat sequences, as well as an insertion of three amino acids in two families of bats, were located in a region homologous to the mouse exon 14, which is deleted in mutant mice with recessive deafness (Kurima et al., 2002) . Therefore, Tmc1 is likely to be both important in basic hearing and a target for evolutionary adaptations for high-frequency hearing. Like Tmc1, published mammalian Pjvk gene sequences show strong amino-acid conservation (Schwander et al., 2007) . Our results from bats support this trend, with little amino-acid variation found in the putative nuclear localisation signal domain and zinc-binding motif (Delmaghani et al., 2006 Sequence convergence across multiple functional genes To our knowledge, the occurrence of parallel signatures of adaptive sequence convergence across three independent loci that encode similar gene products (that is, hair cell proteins) is unique. Reported cases of convergent sequence evolution in which changes appear related to gene function are uncommon, and have nearly always focussed on single loci, often involving only a few amino acids. Examples of these include the convergent homologous sites in the visual pigments of squid and primates (Morris et al., 1993) , and also in the myoglobin gene of seals and cetaceans (Romeroherrera et al., 1978) . More extensive sequence convergence operating across several loci has been documented in the mitochondrial genomes of snakes and agamid lizards; however, mtDNA genes cannot be considered to represent independent loci, and the suggested potential adaptive role of such convergence in metabolism remains speculation (Castoe et al., 2009) . Several different toxin protein genes have also been shown to have undergone convergent evolution, among different frog species (Roelants et al., 2010) , as well as between shrews and lizards (Aminetzach et al., 2009) , although the latter is structural as opposed to sequence convergence. In general, surprisingly few studies that have described sequence convergence have also tested for selection and, therefore, have not explicitly been able to rule out nonadaptive homoplasy that is widespread in nature (Rokas and Carroll, 2008) . The finding that the monophyly of echolocating bats was recovered by coding regions highlights the adaptive nature of the observed convergence. Examination of the relative site-wise support for the convergent topology (data not shown), as well as the Lento plots, indicated that most support for the 'convergent topologies' was concentrated within exonic regions, whereas phylogenetic signal for the true species relationships was more obvious in intronic sections. Together with other very recent research (Li et al., 2008; Rokas and Carroll, 2008; Castoe et al., 2009; Li et al., 2010; Liu et al., 2010a) , the data suggest that sequence convergence might be much more common than previously thought.
Implications for the evolution of echolocation Although we did not aim to tackle the specific issue of whether echolocation in bats evolved more than once, the relatively high number of sites with elevated probabilities of convergence between the two main clades of echolocating bats, and also between echolocating bats and the bottlenose dolphin, could be considered as favouring multiple origins of laryngeal echolocation. Moreover, selection models showed positive selection acting only on echolocating bat species, with evidence of purifying selection rather than relaxation in Old World fruit bats. Together with Prestin, our results from Tmc1 and Pjvk appear to indicate that functional adaptations for high-frequency hearing arose after the split between the Yangochiroptera and Yinpterochiroptera. This scenario supports at least two independent origins of high-frequency hearing (and possibly echolocation) in bats. Although these conclusions fit recent claims that the earliest fossil bat (Onchonycteris finneyi) could not echolocate, other Eocene fossil bats do show some traits associated with echolocation (Simmons et al., 2008) . Consequently, more data are needed to reconcile apparent conflicts between fossil and molecular evidence.
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